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RNA initiation by Qb replicase directed by the short-sequence CCA at the 39-end of all RNAs amplified by this enzyme has
been studied. Most CCA repeats in an RNA consisting of 12 CCAs serve as independent sites of de novo RNA initiation, with
initiation occurring opposite the 39-C residue of each CCA. Qb replicase is thus capable of internal initiation remote from the
39-end, although predominant initiation occurs close to the 39-end. The precise 39-terminal sequence in (CCA)n-containing
RNAs influences the number and position of active initiation sites near the 39-terminus. C residues are required at the
initiation site, whereas the position of purines (especially A residues) influences the selection of initiation sites. The template
activity of (CCA)n RNAs is positively correlated with the number of CCA repeats. Three CCA repeats added to the 39-end of
a nontemplate 83-nt RNA are sufficient to activate transcription by Qb replicase. These experiments show that CCA boxes
can act as strong initiation sites in the absence of specific cis-acting signals derived from Qb RNA, although the efficiency
of initiation is modulated by surrounding sequence. © 2000 Academic PressKey Words: RNA-dependent RNA polymerase; initiation of RNA synthesis; Qb bacteriophage; transcription; positive-strand
RNA virus; 39-adenylation.
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Positive-strand viral RNA-dependent RNA poly-
merases (RdRps) are normally considered to be directed
by specific upstream cis-acting signals together with the
initiation site. RNA synthesis by brome mosaic virus
RdRp, for instance, is directed by a minus-strand pro-
moter composed of a stem-loop some 50–70 nucleotides
from the initiation site at the 39-end (Chapman and Kao,
1999) and by a handful of key nucleotides positioned
11–17 nucleotides upstream of the initiation site for sub-
genomic RNA initiation (Siegel et al., 1997). We and
thers have observed recently, however, that RNA syn-
hesis by some positive-strand viral RdRps can be di-
ected by CCA and similar short sequences present at
he initiation site, without a requirement for unique cis-
cting signals (Deiman et al., 1998; Singh and Dreher,
998; Yoshinari et al., 2000). These observations were
irst made after a search failed to locate upstream cis-
cting sequences controlling minus-strand synthesis by
urnip yellow mosaic virus (TYMV) RdRp (Deiman et al.,
998; Singh and Dreher, 1998). The initiation of RNA
ynthesis by TYMV RdRp from each CCA repeat in short
NAs consisting of linear repeats of CCA confirmed the
ndependent ability of the CCA initiation box to direct
ranscription (Singh and Dreher, 1998).
A comparative study (Yoshinari et al., 2000) indicated
hat RNA initiation by Qb replicase can be similarly
1 To whom reprint requests should be addressed at 220 Nash Hall.
ax: (541) 737-0497. E-mail: drehert@bcc.orst.edu.
363controlled by CCA and related C-rich sequences that are
present at the 39-termini of all known RNAs amplified by
Qb replicase (Voronin, 1992; Brown and Gold, 1995;
amora et al., 1995). RNAs about 40 nucleotides in length
omposed of CCA, CCCA, or CCCCA repeats support
similar amounts of RNA initiation by Qb replicase as
mplifiable positive control RNA, even though they lack
ll but the terminal sequences of Qb RNA. Initiation
ccurs from most of the repeat elements in these un-
tructured RNAs, whereas initiation from replicon RNAs
ccurs at a single defined 39-site. The purpose of the
tudy reported here was to investigate further the tran-
cription of short CCA-repeat RNAs by Qb replicase with
a view to exploiting these templates to understand the
mechanism of template selection and RNA initiation.
The ability of Qb replicase to transcribe poly(C) and
C-rich templates has been known for two decades (Blu-
menthal and Carmichael, 1979). The addition of an
oligo(C) tail to an RNA has also been known to activate
an RNA as a template for transcription (Feix and Sano,
1975; Kuppers and Sumper, 1975). It is thus well recog-
nized that a 39-oligo(C) tract is an important requirement
for template activity (Blumenthal and Carmichael, 1979).
Neither the precise C-rich sequence or length required
at the 39-end of a template nor the precise site of initia-
tion on C-rich nonviral RNAs has been defined, however,
although such information is required for full apprecia-
tion of the relative contributions of upstream cis-acting
elements (Brown and Gold, 1996; Schuppli et al., 1998)
and the initiation sequence in controlling transcription by
Qb replicase. The study reported here emphasizes the
0042-6822/00 $35.00
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364 YOSHINARI AND DREHERindependent role of CCA elements and the alternation of
pyrimidines and purines in specifying RNA initiation
sites. They have also led to the insight that an important
role of the 39-terminal sequence is to ensure initiation at
a single site positioned at the 39-terminus.
RESULTS AND DISCUSSION
Internal and 39 CCA boxes serve as RNA initiation
signals for Qb replicase
We have recently reported that like TYMV and turnip
crinkle virus RdRps, Qb replicase can initiate RNA syn-
thesis from multiple CCA, CCCA, and CCCCA boxes on
nstructured templates (Yoshinari et al., 2000). Transcrip-
FIG. 1. Terminal and internal initiation of transcription on a short
unstructured C-rich RNA by Qb replicase. The transcription of CCA12
NA (39 nt; lanes 3–10) is compared with that of DN3 RNA (34 nt;
amoraet al., 1995), a replicon of similar size; template concentration
as 100 nM in all cases. The relative molar yield of transcripts (average
f three experiments) is given below the lanes. On a molar basis, the
nitiation activity from the 39-penultimate CCA repeat of CCA12 RNA is
04% that from DN3 RNA. The migration of a 39-nt RNA marker is
ndicated at the left. The major product originating from each CCA
epeat is marked with a dot in lane 3. Reactions in lanes 4 and 5
ontained 5 mg/ml rifampicin and 70 mM KCl, respectively. PES (5
mg/ml) was added before the replicase in lane 6 and 1 min after
replicase but before CTP in lane 7. Products were labeled with
[a-32P]CTP except in lanes 8 and 10, where [g-32P]GTP and [a-32P]ATP
were used, respectively. RNAs were separated by denaturing PAGE
(12.5%).ion of this type from CCA12 RNA, which has the se-
uence 59-GGA(CCA)12-39, is shown in Fig. 1. Product
m
pmigrating with a 39-nt RNA marker indicates some full-
length transcription of this unstructured template,
whereas faster-migrating products show a periodicity in
their length that is indicative of initiation from identical
positions within each CCA repeat element. The most
prominent product corresponds to initiation from the sec-
ond CCA box from the 39-end. The synthesis of products
from CCA12 RNA is insensitive to 5 mg/ml rifampicin (Fig.
, lane 4), conditions inhibitory to Escherichia coli RNA
olymerase but not Qb replicase. This confirms that the
observed products do not arise from host RNA polymer-
ase contamination of our enzyme preparation.
Cumulative molar transcription activity from CCA12
RNA was 2.3 times that supported by DN3 RNA, a pos-
itive control RNA that is capable of amplification when
incubated in 10 mM Mg21 (Zamora et al., 1995), although
its template activity is restricted to transcription in the 21
mM Mg21 used in these studies. This elevated level of
g21 was used to suppress the runaway amplification of
S-type RNA contaminants (Moody et al., 1994). Similar
roducts were synthesized by Qb replicase from CCA12
NA at 10 and 21 mM MgCl2 (not shown). Transcription
of CCA12 RNA by Qb replicase was markedly sensitive
o salt: the addition of 70 mM KCl resulted in a fivefold
ecrease of transcription, although there was no alter-
tion in the relative abundance of the products of differ-
nt length (lane 5). Transcription of poly(C) and of 6S
eplicons such as MDV-1 RNA is similarly salt sensitive,
hereas Qb RNA replication is not (Blumenthal and
Carmichael, 1979). We have observed that the transcrip-
tion of DN3 RNA is also strongly salt sensitive (12% the
level of transcription is observed in 70 mM KCl relative to
its absence; not shown).
Each band of the product ladder produced from CCA12
RNA when labeling with [a-32P]CTP is a doublet (Fig. 1,
anes 3 and 9). A similar pattern of doublets is produced
hen products are labeled with [g-32P]GTP (Fig. 1, lane
). Separation by denaturing PAGE (20%) of labeled frag-
ents produced by complete RNase A treatment of
hese [g-32P]GTP transcripts identified only a trinucle-
tide (not shown), consistent with 32P-pppGpGpUp pro-
duced by initiation opposite only the 39-most C of each
CC dinucleotide in the template. Product labeling with
[a-32P]ATP resulted in labeling of only the upper band of
ach doublet (lane 9). Because there are no U residues
n CCA12 RNA, each upper band represents the addition
f a nontemplated A residue. Such activity is known to be
ssociated with termination by Qb replicase on natural
emplates (Bausch et al., 1983). These analyses indicate
hat initiation on CCA12 RNA occurs at the 39-C of each
CA trinucleotide, followed by 39-adenylation of most,
ut not all, of the transcripts.
The following observations confirm that the family of
roducts observed in Fig. 1 arises by RNA initiation at
ultiple sites rather than by some other means, such as
remature termination or fragmentation of the product or
a
c
h
s
i
t
p
i
a
s
d
t
1
365CCA BOXES AND RNA INITIATION BY Qb REPLICASEtemplate RNAs. The use of [a-32P]CTP to label the prod-
ucts shown in Fig. 1 (lanes 3–7, 9) avoids the observation
of premature termination products, because the only G
residues in the template occur at its very 59-end. This
excludes the possibility that RNA transcription by Qb
replicase begins from the 39-end of the linear templates
with premature termination occurring at each CCA re-
peat. To show that the ladder of products did not arise by
cleavage of the newly made RNA, a T7 transcript of
identical sequence as the full-length Qb replicase prod-
uct made from CCA12 RNA was subjected to the usual
sample preparation involving boiling in denaturation
buffer. No degradation of the product could be seen (data
not shown). Fragmentation of templates during incuba-
tion does not occur as evidenced by direct observation of
intact 59-32P-labeled CCA12 RNA after mock incubation
with Qb replicase (not shown). Further, sample ladders
re not seen in native gels before RNase treatment,
onsistent with the products of various length being
ybridized to full-length template RNA.
With the addition of polyethylene sulfonate (PES),
ingle-round transcription by Qb replicase was stud-
ed. PES is an anionic polymer that inhibits initiation of
ranscription by binding free, but not template-bound,
olymerase, preventing further template binding and
nitiation (Barrera et al., 1993). The addition of 5 mg/ml
PES to the reaction before Qb replicase prevented
product synthesis (Fig. 1, lane 6), confirming inhibition
by this reagent. Single-round transcription (Fig. 1, lane
7) was studied by preincubating enzyme and template
RNA for 1 min in a complete reaction mixture lacking
CTP and then adding PES, followed by radiolabeled
CTP to permit product completion. The level of tran-
scription from CCA12 RNA was reduced to 22% under
these conditions, indicating that four or five rounds of
transcription occurred during a normal 10-min reac-
tion. The spectrum of products was similar between
single- and multiple-round transcription, except that a
lower proportion of products acquired a nontemplated
39-A residue (Fig. 1, lane 7).
From the foregoing observations, we conclude that Qb
replicase is capable of RNA initiation not only from the
39-end but also from internal sites. Further, it is evident
that CCA elements are able to act as independent initi-
ation signals in the absence of potentially cis-acting
sequences from natural Qb RNAs. To test whether CCA
initiation boxes are capable of activating the transcrip-
tion of an RNA that is not used as a template, we
attached increasing numbers of CCA repeats to the 39-
end of TY83 RNA, which consists of the 83-nt-long tRNA-
like structure from the 39-end of TYMV RNA. Although
this RNA ends in -ACCA-39, it does not serve as a
template for Qb replicase (Fig. 2, lane 0). The addition of
a single CCA triplet results in a small amount of tran-
scription, which is increased by addition of a further one
or two CCA triplets; the highest levels of transcriptionwere observed with RNAs bearing three or more added
CCA repeats (Fig. 2). Multiple initiations occurring 3
nucleotides apart and originating from individual CCA
boxes were observed, as with CCA12 RNA. For
TY8311CCA and TY8312CCA RNAs, most initiation oc-
curred opposite the 39-most CCA, but for the longer
RNAs, the initiation was strongest from the penultimate
CCA repeat (Fig. 2, lanes 3–6) as seen with CCA12 RNA.
These results confirm the ability of short CCA tracts to
act as transcriptional enhancers for Qb replicase in the
bsence of Qb viral sequences. The addition of the
9-nucleotide (CCA)3 is sufficient to yield maximal tran-
cription. This compares favorably with the previously
etermined requirement of between 5 and 20 C residues
o activate the transcription of oligo(A) (Feix and Sano,
975).
The addition of A15CCA or C15CCA to TY83 also led to
active templates, considerably more effectively (6.9
times) in the latter case (Fig. 2, lanes A and C). Initiation
was strongly 39-preferential in both TY831A15CCA and
TY831C15CCA RNAs, although the PAGE resolution was
not sufficient to determine whether one or more adjacent
C residues in TY831C15CCA RNA supported initiation
(c.f. Fig. 6, lane 4). The template activity of TY831
A15CCA RNA confirms the ability of a CCA triplet to act
as an independent initiation site, although initiation is
FIG. 2. Addition of CCA repeats activates transcription of a non-
template. The templates, shown at the top, are derived from TY83,
an 83-nt-long RNA derived from the 39-end of TYMV RNA and
terminating in CCA-39. The numbering convention used for the CCA
triplets present on this family of RNAs is indicated and corresponds
to the lane numbers in the gel. The template activity of each RNA
when incubated with Qb replicase was analyzed by denaturing
PAGE (10%). The initiation sites marked at left correspond to the
numbered CCA triplets in A.enhanced by adjacent C residues, as in TY83-C15CCA
RNA (Fig. 2, lane C).
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366 YOSHINARI AND DREHEREffect of length on template activity
Initiation is consistently observed from 10 or 11 of the
12 CCA repeats present in CCA12 RNA (Fig. 1). The
shortest products are thus 9 or 12 nucleotides long. To
determine whether such short products can also be
made from templates shorter than CCA12 RNA, we stud-
ied the transcription of CCA9, CCA6, and CCA3 RNAs
(Fig. 3). The shortest template active under the condi-
tions used (100 nM RNA) was CCA6 RNA, but its activity
was only 3% that of CCA12 RNA. CCA9 RNA supported
intermediate levels of transcription. As for CCA12 RNA,
the initiation occurred predominantly from the 39-penul-
timate CCA repeat, but all CCA repeats other than the
59-most served as initiation sites (Fig. 3B). The lower
transcription of the shorter RNAs was not merely a con-
sequence of fewer potential initiation sites, because the
amount of transcription initiation from the dominant 39-
penultimate CCA repeat, and from other corresponding
repeats, decreased with decreasing template length (Fig.
3C). Note that controls involving recovery of replicase
products by gel filtration (not shown) rather than ethanol
FIG. 3. Effect of length on template activity. The sequences of RNAs
used as templates are shown in A, and their template activities are
shown in B, with products separated by denaturing PAGE (12.5%). The
relative total transcriptional activity supported by each template is
indicated below each lane (average of three experiments). The relative
transcription from the various initiation sites on each template is
graphed in C, using the 39-end as the reference point.precipitation showed that short products were not being
lost during sample preparation.Active templates gain affinity for Qb replicase by
inding to site(s) distinct from the polymerase
ctive site
The foregoing experiments have shown that very short
CA-rich RNAs and TY83 RNA are poor templates for Qb
replicase. The transcription of both is increased by the
addition of CCA repeats at the 39-end. We have used
competition experiments to assess whether poor tem-
plates fail to interact efficiently with the replicase. These
experiments used 5-min incubations and 25 nM Qb rep-
licase, conditions in which the quantity of replicase is the
factor limiting transcriptional yield (not shown).
Transcription of CCA12 RNA is only very weakly inhib-
ited by a 10-fold excess of CCA3 RNA (a nontemplate or
very poor template) but is increasingly inhibited by the
longer competitor RNAs CCA6 and CCA9 (Fig. 4A). Inhi-
bition by these CCA-rich RNAs is thus in proportion to
their activity as templates. The poor inhibition by CCA3
RNA indicates that this RNA is not tightly bound at the
polymerase active site, and hence that other site(s) are
involved in the tighter binding associated with CCA9
RNA. Recent studies have implicated RNA binding sites
on the ribosomal protein S1 subunit (Site I, Brown and
Gold, 1996) and the EF-Tu subunit (Site II, Brown and
Gold, 1996; Preuss et al., 1997) in recruiting RNAs to Qb
replicase. CCA6 and CCA9 RNAs, with an expected ex-
tended chain length of more than 150 Å (at 7.5 Å/residue;
Smith et al., 1996), could conceivably simultaneously
ind to the active site and a site on one of the other
ubunits: hepatitis C virus RdRp, with a molecular weight
imilar to that of the Qb RdRp subunit, has the dimen-
sions 70 3 60 3 40 Å (Lesburg et al., 1999).
Transcription of CCA12 RNA is not inhibited by a 10-
fold excess of the nontemplate TY83 RNA but is limited
by equimolar or 10-fold excess TY8316CCA RNA, which
is itself an active template (Fig. 4B). This indicates that
either TY83 RNA is poorly bound by Qb replicase or the
Y83 and (CCA)6 portions of TY8316CCA RNA bind to
distinct sites on the enzyme. Such binding may be a
low-specificity interaction, because nonspecific binding
to Qb replicase is rather strong (Brown and Gold, 1995)
and even Site II on EF-Tu is able to bind a wide range of
RNAs (Preuss et al., 1997).
Both pyrimidines and purines play roles in defining
the position and strength of initiation from near
the 39-end
The results described above indicate that templates
with CCA repeats provide multiple sites for independent
initiation but that CCA boxes in different positions within
an RNA are differentially used for initiation. In particular,
CCA boxes near the 39-end are favored initiation sites,
with the 39-penultimate CCA repeat curiously acting as
the dominant site (Figs. 1 and 3). To probe the features
367CCA BOXES AND RNA INITIATION BY Qb REPLICASEthat contribute to these 39-end effects, the influence of
two types of mutations was studied.
To determine whether preferential initiation from the
39-penultimate CCA (box 11) is a consequence of its
placement near the 39-terminus of the RNA or near the
39-end of a tract of CCA repeats, one, two, or three CCA
triplets at the 39-end of CCA12 RNA were replaced with
AAA triplets; the resulting CCA111A3, CCA101A6, and
FIG. 4. Nontemplates fail to inhibit the transcription of active tem-
plates in competition experiments. Inhibition of CCA12 transcription by
shorter CCA-repeat RNAs (A) and by TY83-type RNAs (B). The amounts
of RNAs indicated above each lane (in pmol) were incubated with Qb
replicase; products were treated with RNase to remove excess single-
stranded RNA before analysis by denaturing PAGE (12.5%). The ladder
of products originating from CCA12 RNA is marked with dots next to
lanes 2 and 10. Asterisks mark the major products originating from the
CCA6 and CCA9 competitor RNAs in A and a band of unknown origin
associated with TY8316CCA RNA in B. Relative intensities of the major
CCA12 product (arrow) are given below each lane.CCA91A9 RNAs are shown in Fig. 5A. No transcription
initiation occurred from any of the AAA triplets (Fig. 5B).Replacement of the 39-terminal CCA with AAA
(CCA111A3 RNA) resulted in 20–50% less initiation from
each corresponding CCA triplet in CCA12 RNA (Figs. 5B
and 5C) and led to no change in the hierarchy of initiation
sites (lane 3). Additional substitution of the penultimate
CCA triplet (CCA101A6 RNA) resulted in no further
changes in transcription yield from the remaining CCA
boxes, but twofold to threefold less initiation was ob-
served from each remaining CCA box in CCA91A9 RNA.
In the RNAs with longer A tracts, the major sites of
initiation on CCA12 RNA are unavailable because they
are no longer C residues. Significantly, dominant initia-
tion has in no case been conferred on the 39-penultimate
among the remaining CCA repeats (Fig. 5). Comparison
of the initiation profile directed by CCA9 (Fig. 3) and
CCA91A9 (Fig. 5) RNAs, which have identical (CCA)9
tracts, clearly shows that initiation preference is deter-
mined by proximity to the 39-terminus rather than by
position at the 39-end of a (CCA)n tract. Note that the
eighth CCA box, the 39-penultimate, is the site of pre-
dominant initiation from CCA9 RNA and that more initi-
ation occurs from this position in CCA9 RNA than from
the equivalent position in CCA12 or CCA91A9 RNAs
FIG. 5. The proximity of a CCA box to the 39-terminus of the RNA is
an important determinant of its initiation activity. The RNAs shown in A
were used as templates for Qb replicase, and the products were
separated by denaturing PAGE (12.5%), shown in B. The relative total
transcriptional activity supported by each template is indicated below
each lane (average of three experiments). The relative transcription
from the various initiation sites on each template is graphed in C.
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368 YOSHINARI AND DREHER(Figs. 3 and 5), both of which have 12 nucleotides on the
39-side.
To probe the influence of 39-terminal sequence on the
preference for initiation from the 39-penultimate CCA
repeat, the 39-most (N) and 39-penultimate (M) A residues
in CCA9 RNA were substituted with several combina-
tions of nucleotides (Fig. 6). These substitutions at the
same time tested the importance of alternating C and A
residues in specifying initiation. Substitution of the A
residue at position M with each of the other 3 nucleo-
tides (lanes 2–4) resulted in a switch toward initiation
from the 39-most CCA box (band N) at the expense of
initiation from the penultimate box (band M); overall ini-
tiation was also decreased. Both effects were more
marked when the A residue at position M was replaced
with a pyrimidine.
Because CCA71CCCCCA RNA (lane 4) supported
more synthesis of band N than band M RNA and be-
cause the 39-ends of RNAs capable of amplification by
Qb replicase typically end in C3-5A-39, the effect of sub-
titutions at the 39-end were studied in combination with
at position M (Fig. 6, lanes 4–7). Substitution with G
esulted in little alteration in the transcription pattern, but
ubstitution with a pyrimidine, particularly with C, led to
FIG. 6. Substitution of A residues near the 39-end of CCA9 RNA. The
wo 39-most A residues in CCA9 RNA, at positions M and N as
ndicated at the top of the figure, were substituted as indicated above
ach lane. CCA9 RNA (lane 1) and its variants were incubated with Qb
replicase, and the products were separated by denaturing PAGE
(12.5%); only the upper part of the gel is shown. The relative initiation
activities originating opposite the C 59 adjacent to position N and that
59 adjacent to position M (bands M and N) are indicated beneath each
lane, together with the total initiation activity originating from the five
39-most nucleotides (bracketed) (averages of three experiments). An
additional band observed only in lanes 6 and 7 is marked with an arrow.ecreased transcription and the absence of a dominant
nitiation site. The presence of a pyrimidine at the 39-
b
aerminus also led to an additional product, the result of
nitiation opposite the 39-nucleotide. Perhaps Qb repli-
ase is capable of some initiation opposite U (lane 6),
resumably with a wobble-paired GTP, because initiation
ith ATP has never been observed (Blumenthal and
armichael, 1979). Alternatively, initiation from a ho-
opolymer sequence may involve polymerase stuttering,
s recently observed with T7 RNA polymerase (Pleiss et
l., 1998). Initiation from CCA boxes 1–7 was not affected
y the mutations at positions M and N (not shown).
These results indicate that the 39-preference for initi-
ation is strongly influenced by the 39-sequence. Purines
punctuating a run of pyrimidines appear to play a role in
specifying dominant sites of initiation at neighboring
pyrimidines, because pyrimidine tracts support multiple
weak initiations (Fig. 6, compare lanes 6 and 7 with lanes
4 and 5). Note the distributed nature and weakness of
initiation when C tracts of five or more residues are
present (Fig. 6, lanes 4–7). The 39-end sequence also
influences whether the major site of initiation is at the
very 39-end or four bases internal as observed with
CCA12 RNA. The presence of more than two pyrimidines
adjacent to the 39-terminal A seems to suppress efficient
internal initiation (Fig. 6, lanes 3 and 4). Perhaps this is
the reason that Qb replicons invariably have at least
hree C residues adjacent to the 39-terminal A (Voronin,
992; Zamora et al., 1995); dominant internal initiation is
a property incompatible with a replicon RNA.
Conclusions
The results reported here and recently (Yoshinari et al.,
2000) establish for the first time that Qb replicase is
apable of internal initiation on template RNAs. Although
nternal initiation is required by many positive-strand
iral RdRps to generate subgenomic RNAs that act as
pecialized mRNAs (Miller et al., 1985), this is not a
feature of the Qb replication cycle. Initiation away from
he 39-terminus would interfere with genomic replication
r generate truncated RNAs. With certain 39-end se-
uences, -CCACCA and -CCAAAA (Fig. 5, lanes 2 and 3),
nternal initiation is quite efficient: initiation of five nucle-
tides from the 39-end of CCA12 RNA is as efficient as
he transcription of the replicon DN3 RNA (Fig. 1). Only
eak initiation has been observed from sites further from
he 39-end, however. The experiments reported in Figs. 3
nd 5 demonstrate clearly that the 39-end is used by Qb
replicase as an important reference point in seeking an
initiation site. Such 39-preferential initiation can be con-
sidered as a specificity mechanism that prevents effi-
cient internal initiation (Yoshinari et al., 2000). The prev-
alence of base-pairing in Qb replicons (Brown and Gold,
995; Arora et al., 1996) further helps to prevent internal
nitiation, because Qb replicase is unable to initiate from
ase-paired C residues (Zamora et al., 1995; Yoshinari et
l., 2000). A third control over internal initiation is exerted
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369CCA BOXES AND RNA INITIATION BY Qb REPLICASEby the 39-terminal sequence. As demonstrated in Fig. 6,
the precise 39-terminal sequence, particularly the loca-
tion of purine residues, can influence both the position of
predominant initiation and the number of competing ini-
tiation sites.
The multiple initiations on the CCA-repeat RNAs stud-
ied here demonstrate the innate capacity of CCA triplets
to direct RNA initiation by Qb replicase. There appear to
be few specific contextual requirements for initiation
from CCA, as deduced from the following observations:
(1) CCA39 is the site of initiation from the many and varied
RNAs amplifiable in vitro by Qb replicase (Voronin, 1992;
rown and Gold, 1995; Zamora et al., 1995); (2) the addi-
tion of a few CCA repeats can activate the transcription
of an inactive template (Fig. 2); and (3) high rates of
transcription are supported by RNAs such as CCA12 that
are devoid of internal Qb viral sequences (Fig. 1). How-
ever, competition experiments (Fig. 4) indicate that CCA
repeats are not strongly bound in the vicinity of the
polymerase active site. Apparent affinity to the enzyme is
increased with increasing template length (Fig. 3). It is
not clear at the present whether this is the consequence
of contacting previously described RNA binding sites on
the replicase (Brown and Gold, 1996; Preuss et al., 1997)
or a nonspecific response.
Further study of derivatives of CCA12 RNA, both as
template and ligand for Qb replicase, will help to clarify
the features (internal and 39-terminal) that ensure effi-
cient initiation from a single site at the 39-end of the
template.
MATERIALS AND METHODS
Materials
Qb replicase was a generous gift from Dr. Michael
arrell (Vysis, Inc.), prepared by overexpression in E. coli
Moody et al., 1994). The purified enzyme fraction con-
ained 250 mg protein/ml and was about 80% pure as
udged by SDS–polyacrylamide gel fractionation, provid-
ng a replicase concentration of 1 mM. This enzyme
reparation had a specific activity of about 700 U/mg
easured by poly(rC)-dependent poly(rG) synthesis (Ka-
en, 1972). Synthetic DNA oligomers used for the prep-
ration of template RNAs were synthesized by Life Tech-
ologies, Inc. PES (also named polyvinyl sulfonic acid)
as obtained from Aldrich Chemical Co.
reparation of RNA templates for Qb replicase
ssays
All of the templates used in this article were prepared
nzymatically with T7 RNA polymerase. In the case of
CA12 RNA or its derivatives, transcription was per-
ormed from annealed DNA oligomers as described pre-
iously (Milligan et al., 1987). The DNA templates used to
ake longer transcripts, TY83 RNA or its derivatives,ere prepared by PCR as described previously (Singh
nd Dreher, 1998). All the transcripts were purified by 7
urea–10% PAGE with single-base resolution. Their
equences or 39-terminal nucleotides were verified by
nzymatic methods using RNA end-labeled with [59-
32P]pCp and T4 RNA ligase.
b replicase assay
Typical Qb replicase reactions (25 ml) contained 2.5
pmol (100 nM) of template RNA and 1.25 pmol (50 nM) of
Qb replicase in 80 mM Tris–HCl (pH 7.5), 21 mM MgCl2,
1 mM DTT, 200 mM each of ATP, CTP, GTP, and UTP
including 10 mCi of [a-32P]CTP. Incubation was for 10 min
at 37°C, and products were recovered by phenol extrac-
tion and ethanol precipitation. At the time of ethanol
precipitation in the case of CCA12 RNA or its derivatives,
250 pmol of DNA oligomer complementary to the T7
transcript was added; this DNA promotes displacement
of the template RNAs from the Qb replicase products
uring sample preparation for electrophoresis.
nalysis of products
Dried pellets recovered after ethanol precipitation
ere dissolved in 10 ml of 90% formamide–10 mM EDTA–
0.02% dyes, boiled for 5 min, ice-chilled, and then applied
to 7 M urea–PAGE. In the case of products made from
TY83 RNA or its derivatives, dried precipitates obtained
by ethanol precipitation were treated with RNases (10
mg/ml RNase A and 10 U/ml RNase T1 in 23 SSC) to
remove excess template RNA. After proteinase K treat-
ment to remove RNases, the products were recovered by
phenol extraction and ethanol precipitation. After elec-
trophoresis, gels were fixed and dried, and radioactivity
was detected and analyzed with a PhosphorImager (Mo-
lecular Dynamics, Sunnyvale, CA).
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